Spore-forming Bacillus strains that produce extracellular poly-␥-glutamic acid were screened for their application to natto (fermented soybean food) fermentation. Among the 424 strains, including Bacillus subtilis and B. amyloliquefaciens, which we isolated from rice straw, 59 were capable of fermenting natto. Biotin auxotrophism was tightly linked to natto fermentation. A multilocus nucleotide sequence of six genes (rpoB, purH, gyrA, groEL, polC, and 16S rRNA) was used for phylogenetic analysis, and amplified fragment length polymorphism (AFLP) analysis was also conducted on the natto-fermenting strains. The ability to ferment natto was inferred from the two principal components of the AFLP banding pattern, and natto-fermenting strains formed a tight cluster within the B. subtilis subsp. subtilis group.
The Bacillus subtilis species complex is a tight assemblage of related species that includes the laboratory strain B. subtilis subsp. subtilis 168, which has been used as a model organism for Gram-positive bacteria (15, 32) . B. subtilis subsp. subtilis BEST195, the starter strain used for natto (fermented soybean food) production, is thought to have been isolated about 100 years ago. Since then, it has been distributed to major commercial manufacturers (28) . Before the isolation of the starter strain, dried rice straw had been used to initiate natto fermentation; rice straw is the natural habitat of the spore-forming B. subtilis strains that facilitate soybean fermentation. Recently, the entire genome information of the BEST195 strain was published (21) . Completion of this project has facilitated the creation of a genomically directed starter cultivation program for natto. Natto starter cultivation targets genes regulating the metabolic pathways of secondary metabolites that affect flavor, sensitivity to bacteriophages, spore formation, and germination.
The genome structure of B. subtilis subsp. subtilis BEST195 is very similar to that of the B. subtilis laboratory strain B. subtilis subsp. subtilis 168 (15, 21, 32 ), but it is not possible to produce natto with the latter (21) , apparently due to mutations in the genes degQ and swrA, which regulate poly-␥-glutamic acid (␥PGA) synthesis (27) . In contrast, BEST195 actively produces ␥PGA via the pgs operon (1, 2, 4) , which provides a sticky texture to natto. However, ␥PGA production alone is not a predictor of the ability to ferment natto, as many ␥PGA-positive strains cannot be used for natto production. These observations have spurred great interest in the genetic basis of natto fermentation ability in Bacillus. Reports on the diversity of natto-fermenting strains are limited to elucidating the genetic background required for natto fermentation. To clarify the taxonomic positions of such strains within the genus Bacillus and to increase genetic sources for cultivating starters, we screened ␥PGA-positive strains from rice straw to determine their abilities to ferment natto.
The commercial natto starter strain BEST195 requires biotin for growth. It is sensitive to specific bacteriophages (10, 25) and possesses many copies of insertion sequences (IS). Two of the insertion sequences, IS4Bsu1 and IS256Bsu1, encode a functional transposase (11, 19, 21) . It is known that transposition of IS4Bsu1 to the comP gene, which regulates the pgs operon, is responsible for the genetic instability of ␥PGA production in BEST195 (19) . IS4Bsu1 also occurs in B. subtilis strains used for natto-like foods in East and Southeast Asian countries (9) . IS are related to genetic competence (29) and can alter gene expression, but the relevance of IS presence to natto fermentation is unknown.
Here, we isolated 424 ␥PGA-positive spore-forming strains from rice straw and screened them to determine what makes a strain natto fermenting. Among them, 59 were capable of fermenting natto. Selected natto-fermenting strains were examined for IS presence, requirement for biotin, and phage sensitivity. Furthermore, natto-fermenting and nonfermenting strains were subjected to multilocus sequence analysis of the 16S rRNA gene and five variable genes (rpoB, purH, gyrA, groEL, and polC), as well as an amplified fragment length polymorphism (AFLP) analysis to study the phylogeny of the species. The results showed that natto-fermenting B. subtilis strains formed a tight cluster in the phylogenetic tree.
MATERIALS AND METHODS
Sampling and isolation of strains. Rice straw was collected from Ibaraki Prefecture and from Hokkaido to Okinawa, Japan (Table 1) . Pieces of the rice straw were suspended in sterile water and heated at 95°C for 5 min. An equivalent volume of tryptic soy broth (Becton Dickinson, Sparks, MD) was added, and heat-resistant spore-forming microbes were enriched by overnight incubation at room temperature. Following appropriate dilution, aliquots were spread on tryptic soy broth agar plates, and single colonies were transferred onto GSP agar plates to assess ␥PGA synthesis (18) . ␥PGA-positive strains were then selected and subjected to natto fermentation testing.
Natto fermentation. We basically employed the procedure that was proposed in 1919 and widely accepted by industry in the 1940s (28) . Soybeans (cultivar Suzumaru) were soaked in water for 16 h at 20°C. They were drained with a strainer and then steamed for 30 min at 0.18 to 0.20 MPa at 131 to 133°C. A 50-g sample of the steamed soybeans was inoculated with cells of the isolated strains (approximately 5 ϫ 10 4 cells), suspended in 0.5 ml sterile water, and packed in a polystyrene box with small pores to allow gaseous exchange. Fermentation was performed at 39°C for 18 h under 90% relative humidity (RH), followed by a 2-h incubation at 20°C under 50% RH. The resulting natto product was stored at 5°C for maturation for 1 day before evaluation.
Evaluation of natto. Natto products were examined for the appearance of uniform bacterial growth on the steamed soybean components of the natto product. Strains that formed nonhomogeneous colonies or a starch syrup-like biofilm were discarded. The hardness of the fermented soybeans was evaluated using a rheometer with a specific adaptor (1.5 ϫ 2 cm) and a tip (diameter, 1.5 mm) designed for natto (13) . A bean of natto was put on a platform scale in the direction of the short axis of the bean, and the peak weight required for pricking the bean was measured. The tip was moved at 5 cm/min. Samples that were considered not to be thoroughly fermented, as judged by this test (Ͼ80-g weight), were eliminated. The hardness values used were the averages of 50 beans. The hardness of steamed soybeans without fermentation was 120 to 180 g using this method. Natto products were stirred before sensory evaluation. Samples lacking the sticky texture of the synthesized ␥PGA on the steamed soybeans and those smelling of ammonia were eliminated according to a procedure previously reported (13) .
AFLP. AFLP analysis (26) was carried out using an AFLP Microbial Fingerprinting kit (Applied Biosystems, Foster City, CA). Cells were grown in LB medium, and genomic DNA was extracted using an Isoplant II kit (Nippon Gene, Toyama, Japan). A 1-g sample of genomic DNA was digested in a buffer (20 l) containing 10 U of MseI and 8 U of EcoRI according to the manufacturer's instructions for 1 h at 37°C. A volume of 5.5 l of 2ϫ T4 DNA Ligation Mix (Nippon Gene) and 1 l each of EcoRI and MseI adaptors, 0.5 M NaCl, 0.5 mg/ml bovine serum albumin (BSA), and distilled water was added to 0.5 l of the double-digested DNA. The reaction mixture was incubated at 16°C for 1.5 h, after which 189 l of TE buffer (20 mM Tris-HCl, pH 8.0, 0.1 mM EDTA) was added. The ligation reaction mixture was stored at Ϫ20°C until it was used. The preselective forward primer for the EcoRI adaptor site (EcoRI-0, 5Ј-GACTGC GTACCAATTC-3Ј) labeled with blue fluorescent dye (6-carboxyfluorescein [FAM]) was purchased from Applied Biosystems. Preselective PCRs were performed in 20-l volumes of buffer containing 4.0 l of the ligated DNA sample, 0.5 l of labeled EcoRI-0 primer, 0.5 l of MseI-0 primer (5Ј-GATGAGTCCT GAGTAA-3Ј), and 15 l of AFLP Amplification Core Mix (Applied Biosystems). Following preselective amplification, selective-amplification reactions were performed. Two microliters of preselective PCR mixture were diluted by adding 3 l of TE buffer and used as a template. The selective-amplification reaction mixture consisted of 1.5 l of the diluted preselective-amplification product, 0.5 l each of labeled primer (EcoRI-AC, 5Ј-GACTGCGTACCAAT TCAC-3Ј) and MseI-A primer (5Ј-GATGAGTCCTGAGTAAA-3Ј), and 7.5 l of the AFLP Amplification Core Mix.
PCR cycling conditions. Preselective amplification consisted of a 2-min denaturation step at 72°C (one cycle) followed by 20 cycles of denaturation at 94°C for 20 s, annealing at 56°C for 30 s, and a 2-min extension step at 72°C. Selective amplification consisted of a 2-min denaturation step at 94°C (one cycle), followed by 30 cycles of denaturation at 94°C for 20 s, a 30-s annealing step, and a 2-min extension step at 72°C. The annealing temperature for the first cycle was 66°C; for the next nine cycles, the temperature was decreased by 1°for each cycle, and for the remaining 20 cycles, it was 56°C. This was followed by a final extension at 60°C for 30 min. An iCycler (Bio-Rad, Hercules, CA) was used for the PCR.
Electrophoresis and detection of amplified fragments. The amplification products were separated by electrophoresis on a 6% polyacrylamide gel (20 cm wide by 36 cm long; Biocraft, Tokyo, Japan; 30 V/cm); TBE buffer (90 mM Trisborate, pH 8.0, 2 mM EDTA) was used as a running buffer. The samples (4.2 l of selective-amplification products) were added to 0.8 l of loading dye and loaded onto the gel. The gel was scanned using a variable-mode imager (Typhoon 9200; GE Healthcare) to detect fragments by fluorescence (excitation, 488 nm; emission, 526 nm). The amplification products were analyzed using an ABI Prism 310 Genetic Analyzer (Applied Biosystems) in GeneScan mode. The sample (4.0 l) was mixed with 24 l of Hi-Di formamide and 0.5 l of an internal lane standard, Genescan 400HD labeled with red rhodamine-based fluorescent dye, Rox (Applied Biosystems). The sample was heated at 95°C for 5 min, cooled on ice, and immediately subjected to electrophoresis.
Data capture and analysis. GeneMapper software (Applied Biosystems) automatically interpreted the GeneScan data and sized and quantified individual fragments using the internal lane standards. The results were viewed in the forms of an electrophoregram and tabular data. The presence or absence of precisely sized fragments was digitized, and a dendrogram was created by pairwise comparison between strains in terms of the Dice coefficient (6, 20) . A ␥PGA-negative strain (Niigata-1) assigned as B. cereus by 16S rRNA nucleotide sequencing was added to the analysis to root the dendrogram. The Dice coefficient was calculated using the "arules" package (7) developed for the R statistical environment (22) . The dendrogram was drawn using the "hclust" procedure of R with UPGMA (unweighted pair group method with arithmetic mean) for agglomeration (7) . Principal-component analysis (PCA) was also performed using R.
Nucleotide sequence analyses. We obtained partial nucleotide sequences of the following genes as previously reported (23): gyrase subunit A (gyrA), RNA polymerase subunit B (rpoB), phosphoribosylaminoimidazolecarboxamide formyltransferase (purH), DNA polymerase III subunit alpha (polC), 60-kDa heat shock protein GroEL (groEL), and 16S rRNA. The universal oligonucleotide primers 27f (5Ј-AGAGTTTGATCMTGGCTCAG-3Ј) and 1387r (5Ј-GGGCGG WGTGTACAAGGC-3Ј) were used to amplify and sequence the 16S rRNA gene (16) . The oligonucleotide primers used for amplification and nucleotide sequencing for all other genes were the same as previously reported (23) . The nucleotide sequences of the amplified products were determined using a Beckman Coulter DTCS Quick Starter kit (Beckman Coulter) and a DNA sequencer, CEQ8000 (Beckman Coulter). The nucleotide sequence alignment of concatenated genes consisted of 5,365 bp (906 bp from gyrA, 947 bp from rpoB, 774 bp from purH, 687 bp from polC, 831 bp from groEL, and 1,220 bp from 16S rRNA). We also included homologous nucleotide sequence data for B. subtilis strain 168 and B. subtilis subsp. subtilis BEST195 in the alignment. The nucleotide sequence alignment of the concatenated sequences of the six genes was used for phylogenetic analyses, along with strains previously sequenced by Rooney et al. (23) .
Phylogenetic analysis. Phylogenetic analyses of gene sequence data were conducted using the neighbor-joining (NJ) method (24) . The computer program MEGA 3.1 (14) was used to reconstruct NJ trees from Tamura and Nei gamma distances (30) . The gamma shape parameter used was 0.2, which was estimated using the program DAMBE version 4.5.40 (31) . The reliability of internal branches was assessed from 1,500 bootstrap pseudoreplicates.
Other experimental information. B. subtilis and B. amyloliquefaciens strains were grown on E9 minimal medium agar plates (12) supplemented with biotin to test their requirement for biotin or unsupplemented. Biotin was added to the IS256Bsu1 were performed as previously described (11) . Sensitivity to the NIT1 bacteriophage was judged by the formation of halos on soft LB agar plates containing 0.8% (wt/vol) agar as described previously (10) . Parts of bioF and bioW of bio mutant strains were amplified with primer pairs BS3-13 (5Ј-AGGA ACGAGTGAATACTTTGGTG-3Ј) and BS3-14 (5Ј-CGTGATTGTAATTCGA ATACGGC-3Ј), and BS3-15 (5Ј-CAAGAATAAAAGAGGCCCTTGCG-3Ј) and BS3-16 (5Ј-TCATGAGTCATGATCTTCCTCCC-3Ј). The amplified fragments were used directly as templates for nucleotide sequencing. Nucleotide sequence accession numbers. All sequences generated in this study have been deposited in GenBank/EMBL/DDBJ (http://www.ddbj.nig.ac.jp/) and are retrievable by entering the strain names (accession numbers AB610803 to AB610831, AB610982 to AB611007, AB612148 to AB612201, AB615242 to AB615268, and AB615380 to AB615406).
RESULTS AND DISCUSSION
Isolation of B. subtilis strains. Strains were collected from dried rice straw that had been used to initiate natto fermentation. The harvest sites of the rice straw are listed in Table 1 . From 104 independent rice straw samples, a total of 424 sporeforming, ␥PGA-positive microbes were collected. Mesophilic vegetative cells were eliminated in the initial step of strain collection when the rice straw was heated at 95°C for 5 min. In the second step, ␥PGA-positive strains were selected. B. subtilis and B. amyloliquefaciens dominated the microbes found on the rice straw, although other Bacillus species, such as B. pumilus, B. atrophaeus, and B. licheniformis, produced ␥PGA under the conditions we employed (17) .
We made natto following the procedures described in Materials and Methods with the 424 strains isolated and evaluated the products. Microbial growth was not observed on steamed soybeans without inoculation of the isolated strains, demonstrating no contamination of microbes from the steamed soybeans. Natto products were first examined for the appearance of uniform growth of cells covering the steamed soybeans present in the final natto product. Some strains formed either nonhomogeneous colonies or starch syrup-like biofilm that often spilled from the soybeans. Some natto products were not fermented enough, as judged by the hardness test of the beans. These were discarded. The natto products were stirred before sensory evaluation. Strains that did not synthesize ␥PGA on the steamed soybeans or that lacked a sticky texture and smelled of ammonia were eliminated. After we had eliminated all strains that failed to produce a thoroughly fermented natto product, 59 strains remained for further characterization. These 59 natto-fermenting strains were obtained from rice straw harvested at a number of sites across Japan (Table 1 ). It appears that some areas held higher levels of these superior natto-producing strains (e.g., the Mito area) than other areas (e.g., the Niigata-Jouestu area). However, rice straw was harvested and dried in different seasons, and the storage conditions were not uniformly controlled. In the case of the Inashiki and Niigata-Jyouetsu areas, only a few strains were isolated. Thus, there may be a bias as a result of how the rice straw was sampled.
All of the natto-fermenting strains were found to require biotin for growth, except for three that did not grow on minimal medium even in the presence of biotin and that are probably amino acid auxotrophs. Twenty-six of the 59 natto-fermenting strains did not possess either of the IS elements IS4Bsu1 and IS256Bsu1, and 33 strains possessed both of them (data not shown). For comparison, we randomly picked 30 nonfermenting strains, and their biotin requirements and IS element distributions were examined. IS256Bsu1 was observed in one strain (Bandou-23-5-2), and none required biotin for growth. The distribution of the bio mutant phenotype and IS elements suggested that the bio mutant phenotype and not IS is tightly linked to natto fermentation. IS4Bsu1 causes genetic instability of ␥PGA synthesis by its conservative transposition to the comP gene, which regulates the expression of ␥PGA synthetic genes (19) . Natto-fermenting strains lacking IS4Bsu1 are good sources for starter cultivation.
Nucleotide sequence analysis and AFLP. The B. subtilis species complex is a tight assemblage of related species, and phylogenetic analysis of the 16S rRNA gene cannot differentiate species within the complex (23) . Recently, variation in the nucleotide sequences of five genes (rpoB, purH, gyrA, groEL, and polC) was used to detect a novel taxon of B. subtilis (23) . This method was applied to 16 natto-fermenting strains and 9 nonfermenting strains (Table 2) , all of which were randomly chosen.
The 16 natto-fermenting strains formed a tight cluster in B. subtilis subsp. subtilis (Fig. 1) . Nonfermenting strains were assigned to B. subtilis subsp. subtilis (Miyagi-2 and Bandou-23-5) and B. amyloliquefaciens (Tikusei-12-1, Hitachioomiya-8-2, Mito-7-4, Tikusei-14-1, Mito-5-13, Sakuragawa 10-1, and Goka-4-3) (Fig. 1) .
Many of the strains that formed a tight cluster within the B. subtilis subsp. subtilis group had identical gene sequences. In fact, two natto-fermenting strains, B-3666 and B-4008, that had previously been obtained from the Hinode company (Los Angeles, California), which used the strain to produce natto commercially in 1969, and from the Food Research Institute in Tokyo, Japan, in 1971 were also part of this clonal complex (Fig. 1) . Nonfermenting Miyagi-2 and Bandou-23-5-2 were not part of the clonal complex. Bandou-23-5-2 is closely related to a strain (BD-567) that was isolated from sand in Ghana. The other strains are all B. amyloliquefaciens. However, three strains were unique: Sakuragawa-10-1, Goka-4-3, and Tikusei-12-1. These strains do not appear to be members of the two known subspecies of B. amyloliquefaciens. As such, they require further evaluation to determine if they represent a novel species of Bacillus or perhaps a novel subspecies of B. amyloliquefaciens.
Natto-fermenting strains were further examined by AFLP analysis (Fig. 2) , which identified 72 loci. The result was essentially in agreement with the phylogenetic tree created by the multilocus sequence analysis. Strains that formed the tight cluster in the multilocus sequence analysis were able to be differentiated by AFLP analysis, although they had almost identical fragment patterns, providing further evidence that they are very closely related.
The first and second principal components derived from the AFLP pattern show that natto-fermenting strains are mapped only on the lower left side of the plot and form their own cluster separate from non-natto-fermenting strains (Fig. 3) . In the PCA, most nonfermenting strains were discriminated by the first component, while three nonfermenting B. subtilis subsp. subtilis strains were discriminated by the second principal component. It will be interesting to determine if these natto-fermenting strains share a set of genes that is associated with natto production, because PCA is an unsupervised dimension reduction technique that does not use any information about the capability for natto fermentation. One biological reason behind the clear separation might be the tight linkage of the bio mutant phenotype to natto fermentation. In B. subtilis, biotin synthesis is directed by the bio operon (bioWAFDBI) (25) . The bioB gene, which catalyzes the last step of biotin synthesis (conversion of dethiobiotin to biotin), is functionally expressed in the natto starter strain, but other genes from the operon are defective due to a nonsense mutation in bioW, a large deletion in bioF, and amino acid substitutions (25) . We amplified bioF and bioW from the genomic DNA of the 16 bio mutant natto-fermenting strains listed in Table 2 . Amplified bioF fragments from all tested strains were shorter than the expected length of wild-type bioF, and the fragment size matched that of BEST195, which has a deletion in bioF (data not shown). The nonsense mutation in the bioW found in BEST195 was also observed in the 16 bio mutant strains. These results suggested that bio operons of isolated bio mutant strains and BEST195 have the same organization. The biotin content in steamed soybeans is estimated to be 0.11 g/g (5). Active growth of bio mutant B. subtilis cells suggests that this is a sufficient amount.
Biotin is a cofactor of carboxylases that catalyzes the carboxyl transfer reaction, and it also influences the transcription of biotin-responding genes through a biotin-sensing system (3). Thus, the demand for biotin is also manifested through gene expression patterns (3). The coryneform bacteria used for industrial production of L-glutamate is known to overproduce L-glutamate under biotin depletion conditions (8) . Under such conditions, the expression of 2-oxoglutarate dehydrogenase is reduced, which shifts carbon metabolic flux to L-glutamate synthesis (8) . Biotin auxotrophism of natto-fermenting strains might be related to transcriptional regulation that is favorable for ␥PGA synthesis and natto fermentation. However, the addition of an excess amount of biotin to steamed soybeans (2 g/g) did not significantly affect the bacterial growth and quality of the natto product. Thus, transportation of biotin might be a limiting step to supply intracellular biotin. This awaits further experimental elucidation. The bacteriophage NIT1 propagated and made clear halos on all 59 of the natto-fermenting strains and on 2 nonfermenting strains of B. amyloliquefaciens subsp. plantarum (Table 2) . Bacteriophages are not involved in natto fermentation, so it is possible that the association of phage sensitivity with natto fermentation was an indirect result. Genes involved in phage infection may be located near the bio operon or other fermentation-related loci. Phage infection involves a large set of cel- The phylogenetic tree was reconstructed from the concatenation of the gyrA, rpoB, purH, polC, groEL, and 16S rRNA genes using the neighbor-joining method. The numbers along branches indicate bootstrap percentages (only values greater than 50% are shown). B. cereus is used as the outgroup taxon to root the tree. Sequences not generated in this study but shown in the tree were generated in a study by Rooney et al. (23) . lular processes, but many of them, including the receptors on the cell surface, remain to be elucidated in BEST195 and other natto-fermenting strains. BEST195 possesses putative sugar transporter genes flanking the bio operon. Their biological significance is unknown (21), but they may participate in phage infection. In our study, natto fermentation was carried out under conditions, such as temperature, fermentation period, relative humidity, and aeration, optimized for the commercial strain Miyagino (equivalent to BEST195). The evaluation procedure for natto used in this study was developed by manufacturers that employed the Miyagino strain for natto production. These procedures may preferentially promote the isolation of strains that resemble the commercial strain. Nonetheless, it is worth noting that highly homogeneous natto-fermenting strains were isolated from nature without any special DNAbased laboratory methodology.
By screening a large set of natural isolates of B. subtilis, the importance of biotin auxotrophism in natto fermentation was inferred, and we found that IS elements were not linked to natto fermentation. Strains lacking IS obtained in this study that fermented natto, as well as the standard strain, BEST195, are expected not only to be genetically stable, but also to be applicable to mutation analysis by transposon tagging. The latter is not easy to accomplish using BEST195 due to intrinsic transposases. The elucidation of these new strains for such purposes will help further our knowledge of the factors required for natto fermentation.
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